Children vary greatly in the number of words they know when they enter school, a major factor influencing subsequent school and workplace success. This variability is partially explained by the differential quantity of parental speech to preschoolers. However, the contexts in which young learners hear new words are also likely to vary in referential transparency; that is, in how clearly word meaning can be inferred from the immediate extralinguistic context, an aspect of input quality. To examine this aspect, we asked 218 adult participants to guess 50 parents' words from (muted) videos of their interactions with their 14-to 18-mo-old children. We found systematic differences in how easily individual parents' words could be identified purely from this socio-visual context. Differences in this kind of input quality correlated with the size of the children's vocabulary 3 y later, even after controlling for differences in input quantity. Although input quantity differed as a function of socioeconomic status, input quality (as here measured) did not, suggesting that the quality of nonverbal cues to word meaning that parents offer to their children is an individual matter, widely distributed across the population of parents.
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language acquisition | word learning | SES C hildren's vocabularies vary greatly in size by the time they enter school (1, 2) . Because preschool vocabulary is a major predictor of subsequent school success (3) , this variability must be taken seriously and its sources understood. Some of this variability resides in the individual capacities and temperament that infants bring to the word learning task (4, 5) . However, environmental influences are also bound to play instrumental roles. Accordingly, we examined the contextualized speech input parents provide to infants during the second year of life as a potential source of the massive vocabulary differences found at school entry.
It is already known that the sheer quantity of linguistic input is an important determinant of vocabulary size; overall, the more words children hear early in development, the larger their subsequent vocabularies. This relationship holds true both for types (different words) and tokens (number of words heard, including repetitions) (6, 7) . These quantity differences are correlated with socioeconomic status (SES). Children from low SES homes are typically exposed to fewer words early in development (8, 9) and have smaller vocabularies at school entry than children from high SES homes (10) .
Taken alone, the correlation of vocabulary size with amount of input is puzzling because as a general rule language learners do not seem to require a large number of exposures to a word to acquire its meaning (11) . In experimental settings, for example, children have been shown to acquire and retain a new word heard only once or a very few times (12) (13) (14) . The likelihood, then, is that certain exposures to a new word are especially informative, supporting secure and rapid inferences to meaning. For example, common sense insists that it will be easier to acquire the meaning of "zebra" in the visual presence of a zebra ("There goes a zebra!") than in its absence ("Let's visit the zebras in the zoo"). To that extent, an environment that maximizes this "here and nowness" of speech--its high quality, or referential transparency--might be expected to boost the rate of early word learning independent of the number of times a child hears each word.
Accordingly, we report here on the influence of such inputquality factors on word learning in infancy, asking: (i) how the referential transparency of input varies across families; (ii) how this variation impacts child vocabulary size 3 y later at school entry; and (iii) how this relationship interacts with SES and the quantity of linguistic input.
The first task in such an inquiry is to pin down a relevant description of input quality. Although, as just acknowledged, having an object in plain view when it is linguistically labeled must be useful, by itself this criterion is far from sufficient, because, in real life, every observed situation is replete with objects, events, properties, and relations. Thus, the learning problem becomes one of selection among many possible interpretations of the speaker's actual referential intention (15, 16) .
Linguistic context is one well-known source of information that helps resolve this selection problem in older infants and toddlers who already have a considerable vocabulary and some appreciation of how words are put together syntactically in the language being learned (17) (18) (19) (20) . However, these potentially informative linguistic cues are largely inaccessible to the rank novices (14-to 18-mo-olds) whose learning environments we study here (21) . In contrast, nonverbal cues (e.g., the presence and salience of a word's referent, whether it is being looked at, pointed to, or manipulated by the adult interlocutor) are available from earliest infancy and can, at times, simplify the task of inferring word meaning from situational context (22) (23) (24) (25) . Attempts have been made to investigate these nonverbal cues using detailed coding systems (26) (27) (28) . Although such investigations have often been informative (for review, see ref. 29) , the subtlety, variety, and sheer number of possible nonverbal cues make it difficult to decide a priori whether any particular contextualized utterance is in principle "good for learning" (26, 27) . Rather than attempt to enumerate and classify these nonverbal environmental cues to a word's referent, we estimated the referential transparency of learning instances in infant-directed speech using a reliable and well-validated overall measure of referential transparency--how easily the meaning of a word can be inferred from nonlinguistic context alone--the so-called Human Simulation Paradigm (HSP) (16, 30) .
In HSP, adult participants watch muted 40-s video clips ("vignettes") of actual parent-child interactions and try to guess the "mystery word" (indicated by a beep) that the parent uttered at a particular point in the video. The accuracy of these guesses is taken as a measure of how easily the meaning of the word can be inferred from situational context; that is, its quality as a learning opportunity. Note that this measure of input quality is independent of the number of words a parent produces and thus is not confounded with input quantity. Prior studies show close agreement in adult and child responses in HSP, suggesting that they are sensitive to the same contextual properties (31, 32) .
Evaluating Word-Learning Quality and Its Outcomes
Here we used HSP to test the following general prediction: Families who provide a greater proportion of high-quality word-learning opportunities early in childhood produce better vocabulary outcomes in their children. This prediction was tested in four steps: input sampling, quality assessment, quantity assessment, and language-attainment assessment.
Input Sampling. Fifty parent-child dyads from a stratified SES sample in the Chicago area were video recorded in their homes in whatever situations arose during two 90-min observation sessions at 14 and 18 mo of age (2, 33, 34) . For each family, we randomly extracted 10 40-s vignettes, each showing the parent saying a different concrete noun (e.g., dog, ball) (SI Text) directed to the child.
Quality Assessment. Potential quality of each vignette was assessed via HSP: that is, showing the muted vignettes to adults (n = 218) who tried to guess the target word (indicated by a beep) that the parent uttered. Average accuracy was taken as the measure of the quality of that parent's input; a good learning opportunity occurs when the word's meaning can be readily inferred from its situational environment.
Quantity Assessment. We calculated each parent's average number (in tokens) of spoken words per minute during the two observation sessions at 14-18 mo.
Language-Attainment Assessment. A standardized vocabulary assessment [Peabody Picture Vocabulary Test (PPVT) (35) ] was administered to the children at 54 mo. Scores served as the outcome measure at school entry, allowing us to ask how individual differences in quality and quantity of parent input early in development (14-18 mo) correlate with children's comprehension vocabulary 3 y later.
Results and Discussion
We found that the quality of socio-visual input to word meaning varied widely across the 50 parents, with parent HSP accuracy scores ranging from 5-38% (mean 22% ± 8%). Thus, some parents' speech to their offspring rarely contained highly informative contextual cues to meaning, whereas others' did so relatively often. Strikingly, this parent-input quality difference at child age 14-18 mo significantly correlated with the children's vocabularies at 54 mo (linear regression, r 2 = 0.12, P = 0.014) (Fig. 1A) . [In all cases of linear regressions reported in this article, corresponding regressions were also computed removing any family identified as an "outlier" (operationalized as having a Cook's distance score greater than 0.15). Unless otherwise noted, these analyses yielded the same patterns of statistical significance.]
Quantity of speech input also varied widely across the 50 parents, with the number of words per minute produced during the 90-min videotaping sessions at ages 14 and 18 mo ranging from 6.3 to 97.0 words per minute (mean 37.8 ± 20.0). Furthermore, replicating previous work (6) , this measure of quantity correlated with children's vocabularies at 54 mo (linear regression, r 2 = 0.13, P = 0.011). The positive relationship between quality of input and later child vocabulary held even after statistically controlling for effects of quantity on this outcome measure [r 2 = 0.22, t(quality) = 2.40, P(quality) = 0.020] (Fig. 1B) . When taken together (in a multiple regression), the measures of quality and quantity of early parent input at 14-18 mo accounted for 22% of the variance in children's vocabularies at 54 mo, a surprisingly strong relation given that 3 y, and presumably many life changes, intervened between assessments.
We next asked how quantity and quality combine to impact linguistic growth. First, quantity of parent input did not correlate with the HSP measure of input quality (Pearson correlation, r = 0.11 P = 0.454). That is, parents who talked more to their children did not, as a group, provide proportionally more or less high-quality word-learning instances. Second, quality and quantity did not interact with (or moderate) each other when predicting vocabulary outcome in a multiple regression that simultaneously included the main effects of quality, quantity and the interaction term (P = 0.874). That is, early quality and quantity accounted for different aspects of the variance found in the later vocabulary outcome measure.
However, parents who talk more are, by definition, offering their children more words, and the more words a child hears, the more likely it will be for that child to hear a particular word in a high-quality learning situation. That is, sheer parental talkativeness increases the likelihood that a child will encounter high-quality learning instances for particular words during natural parent-child conversational exchanges. To illustrate this effect, we generated an estimate of the total number (as opposed to the proportion) of high-quality learning instances a child receives by multiplying the HSP measure of input quality for each parent by that parent's input quantity measure. This number significantly correlated with child vocabulary at 54 mo (simple linear regression, r 2 = 0.20, P = 0.001; that is, the interaction term of quality times quantity reliably predicts vocabulary outcome on its own). Numerically, this is a stronger correlation than the correlation between quantity and child vocabulary at 54 mo (0.20 vs. 0.13), suggesting that the number of quality word-learning instances may matter more than the total number of words heard; however, these two correlation coefficients were not significantly different from each other in a comparison test of overlapping coefficients (z = −1.26, P = 0.21), which takes into account the fact that these two predictors are also highly correlated with each other (r 2 = 0.72, P < 0.001). Did quality and quantity of early word-learning opportunities covary with the SES of our families? Primary caregiver education (range: <10-18+ y) and family income (range: <$7,500 to $100,000+) were combined to create a single SES variable (see SI Text for details). Replicating previous work (10), we found that SES correlated with the quantity of parent input (r 2 = 0.15, P = 0.006) ( Fig. 2A) . However, we found that SES did not correlate with our proportional (HSP) measure of quality (r 2 = 0.005, P = 0.625) (Fig. 2B) . When both quality of parent input and family SES were considered as predictors of child vocabulary (in a multiple regression), the model accounted for 35% of the variance in vocabulary at 54 mo, and both quality and SES remained significant predictors [r 2 = 0.35, t(quality) = 2.64, P(quality) = 0.011]. Thus, parent SES and our measure of quality are not related to each other, and account for different aspects of the variance found in child vocabulary size at 54 mo.
Input to Naïve Learners. The advantage of studying input to word learning using videos of natural parent-child interactions is that it captures the real variability and complexity of the environments in which word learning naturally occurs. The drawback is that HSP participants have the opportunity to observe the child's reaction following the parent's utterance. If the child already knows the word the parent is saying and reacts accordingly, our HSP participants might be using that reaction to guess the mystery word rather than, or in addition to, using the utterance's concordance with objects and actions in view. For example, in a video where the target word was "nose," a parent might say: "Show me your nose." Vignettes in which the child already knows the word and points to her nose will be easier to guess correctly than videos in which the child does not know the word. Although we made extensive efforts to exclude such interactions from our vignette sample, it is still possible that child's prior knowledge of target words, rather than the informativity of parental use in context, could be driving HSP accuracy scores. If so, then the relationship between parent input quality and later child vocabulary could be nothing more than child vocabulary at 14-18 mo predicting later child vocabulary.
To address this problem, we assessed, on a child-by-child basis, whether there was evidence that the child was already producing any of the randomly sampled test words, using both observation of production (had the child ever spontaneously uttered this word during the 90-min video observation sessions) and a well-validated parental report measure of productive vocabulary [the MacArthurBates Communicative Development Inventory (CDI) (36) ]. Discarding all vignettes for which there was evidence of prior production reduced both the number of vignettes per family (mean = 6.62 ± 1.78, range 3-10) and the number of families in the dataset (n = 42), but resulted in a set of vignettes (n = 295) that we could be reasonably certain contained target words not yet in the child's vocabulary.
All analyses were then rerun on this reduced dataset of words not yet known by the child. If our reported correlation between quality and vocabulary outcome were actually a product of known words, we would expect this finding to be eliminated in this subset of unknown words. If, instead, the correlation reflects our ability to capture the quality of potential word-learning instances, the unknown subset should show a correlation similar to the correlation seen in the larger dataset. In all cases, the significant effect of parent input quality remained for unknown words. Specifically, average HSP accuracy for unknown words varied across the 42 parents and resembled the range of scores in the whole dataset (1-35%, mean 19% ± 9%). The effect of parent input quality (HSP accuracy) on children's vocabularies at 54 mo remained (linear regression, r 2 = 0.11, P = 0.036) (Fig.  3A) . Conversely, parent input quality derived from videos of known words did not correlate with children's vocabularies (linear regression, r 2 = 0.03, P = 0.306). As before, the quality of parent input to naïve learners correlated with later child vocabulary even after controlling for any effects of the quantity of parent input [r 2 = 0.23, t(quality) = 2.038, P(quality) = 0.048] (Fig. 3B). [In a corresponding multiple regression in which four families were removed as numerical outliers, the overall correlation remained significant (r 2 = 0.22, P < 0.05), but the quality coefficient was now marginally significant, t(quality) = 1.93, P(quality) = 0.062.] Also as before, quality of parent input did not correlate with quantity of parent input (Pearson correlation, r = 0.10 P = 0.520) or with family SES (Pearson correlation, r = 0.04 P = 0.827).
Thus, the strength of the relation between quality of parent input and later child vocabulary remained when restricting the assessment corpus to those items for which the child participants were less likely to have known the meanings of the words. We also controlled for children's total productive vocabulary at 18 mo (using CDI percentile scores) and found that parent input quality for unknown words continued to predict vocabulary at 54 mo, but CDI vocabulary score did not [r 2 = 0.14, t(quality) = 2.347, P(quality) = 0.024), t(vocabulary 18 mo) = −0.932, P(vocabulary 18 mo) = 0.357]. Together, these findings demonstrate that the effect of quality of parent input on future vocabulary size cannot be explained by differences in children's vocabularies at 14 and 18 mo.
Exploring Quality. An important next step in this line of research will be to identify the behavioral variables that contribute to high-quality input: that is, to identify which properties of the natural physical environment and which behaviors of a parent/ speaker promote accurate reading of referential intent. For example, as one would certainly predict, vignettes in which the referent was visible (n = 178) at the beep were easier to guess than those in which the object was not visible (n = 117, 20% vs. 4% HSP accuracy). Laboratory experiments point to additional, social-pragmatic cues to guessing referential intent, including parent attention to the referent and parent gesture (deictic and nondeictic) (e.g., refs. 22 and 23). Notably, we replicate these findings in our own vignettes involving words not known by the child. In particular, vignettes in which parents were attending to the target object at the beep (n = 63) were significantly easier to guess than vignettes in which the object was present but the parent did not attend to it (n = 115): 40% vs. 9% HSP accuracy, t(176) = −4.59, P < 0.001.
Conclusions. Our findings provide significant and unique information about the conditions supporting vocabulary growth early in life. As quantified by a measure of interpretability in context (HSP), the coordination of word use with socio-visual aspects of parent-child interaction is a potent facilitator for the discovery of first word meanings. Grossly speaking, such an effect is selfevident. After all, how could novice word learning happen except by aligning the language sounds with their environmental contingencies? What is less expected is our first finding of great variability in individual parents' natural tendency to provide this contextual support regularly (ranging from 5 to 38% quality: that is, contextually informative, input), with increased informativity having a clear positive effect on vocabulary size by the time formal schooling begins 3 y later. Moreover, this variability in informativity is apparently an individual matter unrelated to SES, and thus seemingly uncorrelated with the more overt teaching styles and picture-book environments that are more prominent in high SES households (37) . The positive effect of SES on vocabulary outcome is more likely related to the greater amount of talking by parents to their children in higher SES homes, which, in turn, increases the number of quality learning instances encountered overall.
As an important methodological note, the HSP measure of informativity has primarily been used with adult participant-judges, and these "ideal observer" findings have been assumed to be applicable to the child word-learning case as well. This assumption gains its a priori reasonableness from the finding that the kinds of words adults identify easily in the HSP paradigm are just the kinds of words infants learn early in language development (30) . However, some commenters have questioned this inferential link between adult laboratory performance and child learning. The present study, which also used adult participant-judges, goes a long way toward alleviating any such provisos, putting HSP on a new and firmer explanatory footing. We have demonstrated here that adult HSP performance using videotapes of parental input to a sample of 14-to 18-mo-olds significantly predicts these children's vocabulary attainment 3 y later. In other words, the results of the adult HSP predicts word learning in the real world. Situational evidence supporting vocabulary growth seems to work in closely related ways, no matter the sophistication of the observer, and indifferently to whether they are acquiring a first or a second language (38, 39) . We can now return to the apparent paradox described in our introductory remarks: On the one hand, child word learning appears to be amazingly rapid during a period extending from infancy at least throughout late childhood. Indeed, the sheer math of vocabulary acquisition (mean receptive vocabulary of ∼12,000 words by the sixth birthday, 23, 40) is understandable, especially if word learning typically requires only one or a very few exposures to words in context for the meaning to be acquired. Recent experimental evidence supports a model [termed "propose but verify" (31, 41) ] that comports with these findings by suggesting that learners form a single conjecture about word meaning given a context. Here "context" can be either the immediate situational environment or the immediate linguistic environment for the word [the latter becomes increasingly effective as the child acquires and builds grammatical knowledge (30) ]. However, this hypothetical procedure, operating summarily on very little input data, must have a systematic way of avoiding false mappings that may seem plausible in any adventitiously observed situation. The learning procedure succeeds by a species of filtering: it discards or ignores lowquality encounters that happen along the way, thus preventing them from entering into the search for meaning. However, if this fastmapping procedure is the one that best characterizes child learners, why should the sheer quantity of words children hear correlate so well with vocabulary attainment [as previously reported (6, 7) and as replicated herein]? This frequency-sensitivity finding might suggest a relatively "slow-mapping" learning procedure during which children (indiscriminately) aggregate across both more and less informative encounters with a word, eventually identifying the correct meaning probabilistically on a best-fit basis [as implemented in, for example, simple associationist models (42)]. There is, in fact, suggestive evidence for this kind of cumulative procedure, not only in the effects of frequency that we and others have reported, but also in the generalizations children make on the basis of frequent contexts [e.g., young children often insist that cousins are necessarily children and that uncles are adults (43)].
The present results offer a way to reconcile these positions. As we have documented herein, vocabulary attainment is significantly correlated with quality input, where "quality" is defined as referential transparency (operationalized as HSP score), an effect that is independent of "quantity" (and independent of SES as well). This result comports with the propose-but-verify fast-mapping procedure that makes conjectures only in the presence of highquality information. However, arguably this procedure could lead to a frequency effect on vocabulary attainment all of the same, simply because frequency probabilistically increases opportunities for encountering highly informative learning instances: the only kind of instance that, when coupled with later confirmatory instances, pushes the child's vocabulary forward.
Summarizing, the present study is consistent with the position that words are learned via a relatively sudden, determinative, and insightful procedure, rather than by brute-force statistical machinery that is accumulating and cross-tabulating all observed instances and utterances across extended periods of time. Still, this fast-mapping machinery, just like statistical-learning machinery, entails an advantage for the more talkative over the more taciturn learning environments within a family and, derivatively, a correlation between SES and vocabulary attainment during the preschool years (because high SES families, as a group, provide higher quantity of input speech). However, the deeper point is that the environment that provides quality input supports efficient learning and that variations in quality, as we have defined and documented it, are observed across the SES spectrum.
In conclusion, the present findings dovetail nicely with laboratory studies of early language learning at the phonetic and word level, showing that an infant's ability to pick up on information in the social context is strongly linked to learning a novel natural language (22) (23) (24) (25) . The present study shows that this social information--quality encounters in which interpretation is transparent to socio-visual inspection--is delivered to varying degrees by parents in natural settings, and that its presence predicts later language skills.
Materials and Methods
Parent-Child Pairs. Fifty parent-child pairs were included in the analyses. All parents gave written informed consent to participate in the longitudinal study and for their videos to be used in additional research. Children were typically developing (27 males, 23 females). The pairs were from a larger sample of 63 families participating in a longitudinal study of language development (33, 34) ; see SI Text for details. Families were chosen to be representative of the ethnicity and income ranges of the greater Chicago area. All children were raised monolingual English speakers. Families were visited in their homes every 4 mo from child age 14 to 58 mo, and were video recorded for 90 min at each visit. During visits, families engaged in their normal daily activities, ranging from book reading and puzzle play to meals and bathing. Selection of families for present analyses (n = 50) was based on the following exclusion criteria (SI Text): parents did not permit videos to be used in future research (n = 6); the parent was not a native-English speaker (n = 1); the child did not take the PPVT test at 54 mo (n = 6).
The following measures were taken of each family (SI Text): (i) SES as determined by a principle component analysis (33) combining the education level of the primary caregiver (range: 10-18 y; mean = 15.96, SD = 2.16) and family annual income (range: under $7,500 to over $100,000; mean = $64,000, SD = $30,000); (ii) Quantity of parent's linguistic input was the average number of words per minute in child-directed speech produced by the parent at the 14-and 18-mo visits; (iii) Child vocabulary outcome was measured using the PPVT at 54 mo (35) . We used the PPVT scores from 54 mo because they reflect child vocabulary just before school entry.
Vignette Selection for HSP. A total of 560 40-s muted videos (vignettes) served as target stimuli in the HSP study below. These vignettes came exclusively from the 14-and 18-mo-old visits. Each vignette was an example of a parent uttering one of the 40 most common concrete nouns in the transcript sample, uttered usually within a sentence context (e.g., Can you give me the book?). Vignettes were aligned so that ∼30 s into the video, the parent uttered the target word (at which point a beep was inserted). If the parent uttered the target word more than once during the 40-s vignette, each instance of the target word was replaced by a beep. We considered this local repetition of target words to be a feature of the quality of the context and thus allowed it to vary naturally. Previous studies found this duration to be sufficient to understand the gist at the moment the target word was uttered (31) . The SI Text describes in detail our vignette selection criteria, but in brief, 10 vignettes were selected from each of 56 participating families. (This sample included the six families later excluded for lack of a PPVT test score at 54 mo.) Five filler videos were also selected from each family: that is, 280 fillers. Filler words consisted of verbs, adjectives, quantifiers, or nouns that were not easily visualized, so as to prevent participants from only guessing concrete nouns.
HSP Experimental Design. Because no single HSP participant could reasonably view and respond to all 840 40-s vignettes (9.33 h of video in total), vignettes were split into 15 experimental lists such that each list had no more than one vignette from each family and had no more than four examples of the same word.
HSP Participants. Participants (n = 218) were randomly assigned one of the 15 lists consisting of 56 vignettes (including both target and filler words). Participants were undergraduate students (145 female, 73 male) enrolled at the University of Pennsylvania (n = 159) or La Salle University (n = 59) in Philadelphia. All were native English speakers, coming from relatively diverse SES backgrounds (see SI Text for details). The protocol was approved by the Institutional Review Boards at the University of Chicago, the University of Pennsylvania, and La Salle University. Participants provided informed consent and received course credit or payment for participating.
HSP Procedure. After viewing a vignette, participants guessed the "mystery" word for that vignette before viewing the next. Participants were tested individually or in groups, ranging from one to six people. Video was projected on a wall or screen and participants recorded their guesses on paper. See SI Text for details.
Analyses. Participant guesses were scored as correct if they were identical to the target word. Abbreviations and plurals were also counted as correct (e.g., phone or phones for telephone), but words that altered the meaning of the root word were not (see SI Text for details, and ref. 31) . Participants' responses were used to calculate the guessing accuracy (average number of correct guesses) for each video clip. The guessing accuracies of a parent's 10 target videos were then averaged to create an average HSP accuracy for that parent. This average was used as the measure of quality of input for each family.
We used linear regressions to examine the relationships between: (i) the quantity of parent input, (ii) the quality of parent input, (iii) child vocabulary at 54 mo, and (iv) family SES. In particular, we analyzed the ability of input quality and quantity to predict child vocabulary at 54 mo.
For analyses involving only those target words not yet known by the child, child knowledge of HSP target words was determined by combining the words the child actually produced during the two 90-min observation sessions with the words parents reported the child produced at 14 and 18 mo. Recorded production was measured during the 90-min video observation sessions at 14 and 18 mo (i.e., a child spontaneously produced a target word during that time). Parent report of production was determined through the MacArthur-Bates CDI (36) , in which parents marked any words they believed their child had said. The CDI was given to parents at every observation session, but not all parents returned the CDI at each session. Only vignettes of parents who completed the CDI at 18 mo were included in the unknown word dataset. If either observation or parent report indicated that the child produced an HSP target word, it was deemed known. These "known-word vignettes" were excluded from analyses where our focus was on parent input to naïve learners.
